The pHs of extracellular fluids (ECFs) in normal tissues are commonly maintained at 7.35 to 7.45. The acidification of the ECF is one of the major characteristics of tumour microenvironment. In this study, we report that decreased extracellular pH promotes the transformation of mesenchymal stem cells (MSCs) into cancer-associated fibroblasts (CAFs), termed CAF activation. Furthermore, we demonstrate that GPR68, a proton-sensing G-protein-coupled receptor (GPCR), is required for the pH-dependent regulation of the differentiation of MSCs into CAFs. We then identify Yes-associated protein 1 (YAP) as a downstream effector of GPR68 for CAF activation. Finally, we show that knockdown of GPR68 in MSCs can prevent the CAF activation under cancer microenvironment. Systemic transplantation of GPR68-silenced MSCs suppresses in-situ tumour growth and prolong life span after cancer graft.
Introduction
Cancer-associated fibroblasts represent one of the most abundant stromal cell types that surround cancer cells. CAFs are activated fibroblasts that share similar phenotypes with fibroblasts stimulated by inflammatory or wound healing conditions [1, 2] . Multiple molecular markers of CAF have been well-established including α-smooth muscle actin (αSMA), vimentin, tenascin C, fibroblast-specific protein 1 (FSP1) and neuron glial antigen 2 (NG2) [3, 4] . CAFs influence tumour growth, angiogenesis, metastasis, immunogenicity, and resistance to therapies by producing several secreted factors such as interleukin 6 (IL-6), CXCL8, CXCL12, and epidermal growth factor (EGF) [5] [6] [7] .
Although naive MSCs can inhibit tumour growth by secretion of multiple tumour-suppressing factor such as DKK1 and oncostatin M [8, 9] , MSCs can also differentiate into CAFs which promote tumour growth [3, 10, 11] . Several characteristics of tumour microenvironment including enriched transforming growth factor β (TGFβ) and stiff extracellular matrix have been shown associated with the CAF activation of MSCs [12, 13] .
Decrease in extracellular pH is a major feature of cancer-associated microenvironment. Cancer cells commonly catabolize glucose to lactate for energy generation even when oxygen is plentiful, which is termed the Warburg Effect. In addition, rapid proliferation of cancer cells together with limited angiogenesis leads to hypoxia in tumours. Hypoxia and the Warburg effect lead to the acidification of the extracellular environment in tumours. We therefore hypothesized that low extracellular pH might be involved in CAF activation of MSCs.
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In this study, we first demonstrate decreased ECF pH promotes CAF activation of MSCs through GPR68, a proton-sensing GPCR. We then show YAP downstream of GPR68 is required for pH-dependent CAF activation. Finally, we show that knockdown of GPR68 in MSCs can prevent the CAF activation under cancer microenvironment. Mice receiving systemic transplantation of GPR68-silenced MSCs showed suppressed in-situ tumour growth and prolonged life span after cancer graft.
Materials and methods

Study approval
The animal study was approved by the IACUC of Shanghai Jiaotong University School of Medicine. The use of human MSCs in this study was approved by the ethics committee of Shanghai Jiaotong University Affiliated Sixth People's Hospital. Informed consents were obtained from all donors in accordance with the Declaration of Helsinki.
Cell isolation and culture
The MSCs were isolated from cancellous bones of healthy donors (age 30-50 years old) obtained during the orthopaedic operations. Briefly, the cancellous bone was flushed with culture medium and the medium was then transferred to a T75 container for adherence isolation of MSCs. After passage to P2, the MSC surface markers were routinely examined by flow cytometry (Guava) and summarized in Supplementary Table 1 . The MSCs were cultured in high-glucose DMEM (Invitrogen) with 10% FBS (Gibco) on matrigel-coated plates or dishes. The human breast cancer cells (MDA-MB-453) and gastric carcinoma cells (MKN1) were cultured with RPMI-1640 (Corning) with 5% FBS. The human ovarian cancer cells (SKOV-3) were cultured with DMEM/F12 (Corning) with 10% FBS. For clone separation, we plated 50~100 MSCs per 10cm dish. Colonies were picked up by cloning cylinder after reaching more than 200 cells. The MSC surface markers along with GPR68 were routinely detected by flow cytometry. The clones with highest and lowest GPR68 expression in 20 clones were defined as GPR68-high and GPR68-low clones respectively.
Different pH values of media were achieved by adding 1 M HCl or 1 M NaOH to the medium after pH equilibrium in the incubator for 24 hours. The media were replaced every 12 h to ensure the stability of the extracellular pHs in this study.
RNA Extraction, Reverse Transcription and Real-Time PCR
We used Trizol (Invitrogen) reagents to isolate RNA from samples according to the manufacturer's instructions. Before reverse transcription, the RNA quality and quantity were detected with a NanoDrop 2000. Reverse transcription was then conducted using the Transcript First Strand cDNA Synthesis Kit (Transgene). Real-time PCR was finally performed using FS Universal SYBR Green Master (Roche) on the ABI 7900HT (Applied Biosystems). Each experiment was performed at least three times. GAPDH was adopted as the internal control for the normalisation. The detailed information about the primers is shown as follows: hIL6-FOR: ACCCCCAATAAATATAGGACTGGA hIL6-REV: GAAGGCGCTTGTGGAGAAGG hCXCL8-FOR: GATGGGTGGAGTCGCGTG hCXCL8-REV: ACCGGAAGGAACCATCTCAC hCXCL12-FOR: GCCCTTCAGATTGTAGCCCG hCXCL12-REV: GCGTCTGACCCTCTCACATC hEGF-FOR: TCCAAGTGCATCAACACCGA hEGF-REV: GGGTGGAGTAGAGTCAAGACA hCSPG4-FOR: CTGGTCCGGCACAAGAAGAT hCSPG4-REV: ATACGATGTCTGCAGGTGGC Other primer sequences were described previously [14] .
Lentivirus infection and RNA interference
All lentiviruses used in this study were purchased from Genepharm (China). For lentivirus infection, the cells were commonly incubated in medium with lentiviruses and 5 μg/mL polybrene for twenty-four hours. The infected cells were then selected with 2.5 μg/mL puromycin (Sigma-Aldrich) in culture medium for future experiments forty-eight hours after infection. The sequences for RNA interference were described previously [14] .
Flow cytometry detection
Cultured cells were first dissociated with trypsin (Corning) from plates into single-cell suspension. For intracellular marker detection, cells were fixed, permeabilized and blocked. The cells were then incubated with primary antibody for one hour. For surface marker detection, cells were blocked and then incubated with primary antibodies for one hour. After primary antibody incubation, Alexa-conjugated secondary antibodies (Cell Signaling Technologies) were then added to cell suspension for thirty minutes before FACS detection. The GPR68 antibody (sc-98437) was obtained from Santa Cruz. The αSMA antibody (ab119952) was obtained from Abcam. For analysis of subpopulation in tumours, cells were first dissociated from tumours using 0.25% trypsin for 30min and 0.1% collagenase for 24 hours into single cell suspension.
Animals
Six-weeks-old female nude mice were maintained in Institute of Animal Experiment, Shanghai Jiaotong University Affiliated Sixth People's Hospital. SKOV-3 (5×10 6 ) and MDA-MB-453 (5×10 6 ) cells with or without MSCs (5×10 6 ) suspended in equal volumes of 50% Matrigel (diluted with DMEM, Corning) were injected subcutaneously into the nude mice. For systemic transplantation of MSCs, 5×10 5 MSCs were suspended in 0.1mL saline and then injected through caudal veins every three days after transplantation of tumour cell subcutaneously. The tumour volumes were calculated according to the following: volume = 0.5×(width) 2 ×length one month after graft.
Statistics
Statistical analyses were performed using OriginPro 2015 (OriginLab). Numerical values are represented as the mean ± SD of at least three independent experiments. A P-value of less than 0.05 was considered statistically significant when an unpaired, two-tailed Student's t test or one-way ANOVA was used.
Results
Decreased ECF pH promotes CAF activation
We began with examining the relationship between ECF pH and CAF activation of MSCs. We first normalized the pH of cancer-cell-cultured medium from approximately 7.0 to 7.4 and then stimulated MSCs with these medium. Compared with original medium, the CAF-specific genes were significantly downregulated after pH normalization indicating the decreased pH is important for cancer cells to transform MSCs to CAFs (Fig. 1A, 1B and 1C) . We then cultured MSCs with normal medium at different pHs. Consistent with previous observation, decreased ECF pH induces the upregulation of CAF-specific genes ( Fig. 1D and S1A) . The time-dependent expression of CAF-specific genes in MSCs was also observed (Fig.  1E and S1B). CAF activation was partially reversed after culturing in normal pH conditions (Fig. S1C) . 
GPR68 is required for pH-dependent CAF activation
Proton-sensing GPCRs, including GPR4 [15] , GPR65 [16] , GPR68 [17] and GPR132 [18] are commonly activated under pHs from 6 to 8 through histidine residues [19] . GPR68 is the solely known proton-sensing GPCRs expressed by MSCs [14] . We therefore hypothesized that GPR68 might mediate the CAF activation in response to decreased pH. We stimulated different MSC clones with differential expression of GPR68. The MSCs from clones with high GPR68 expression can transform into CAFs under decreased ECF pH. In contrast, MSCs with low GPR68 expression were insensitive to pH change ( Fig. 2A) . Detection of CAF-specific genes further supported this observation (Fig. 2B) . We then manipulated the expression of GPR68 by lentivirus infection in MSCs. Overexpression of GPR68 elicited increased sensitivity to pH change in MSCs (Fig. 2C and S2A) . Consistently, silence of GPR68 blocked CAF activation under decreased ECF pH (Fig. 2D and S2B ).
GPR68 promotes MSC-CAF transition via YAP activation
YAP is a tension-sensed CAF activator that promotes malignancy through a mechanically reinforced feed-forward loop [20] . We previously reported that GPR68 could activate YAP under decreased ECF pH through Rho signalling in MSCs [14] . Hence we hypothesized YAP might be also vital in proton-sensed mechanism of CAF activation. Supporting our notion, interfering with Rho signalling with botulinum toxin C3 and Y27632, specific inhibitors of Rho GTPases and ROCK, blocked pH-dependent CAF activation (Fig. 3A) . We then conducted YAP overexpression in MSCs and observed a significant upregulation of CAF-specific genes ( Fig. 3B and S3A) . Silence of YAP resulted in decreased expression of CAF-specific genes under both normal and acidic pHs ( Fig. 3C and S3B ). Taken together, we concluded that decreased ECF pH could promote CAF activation of MSCs through GPR68-YAP signalling.
Knockdown of GPR68 suppresses CAF activation in cancer microenvironment
Next, we investigated whether interference of GPR68 can decrease CAF activation under cancer microenvironment. We therefore co-cultured SKOV-3 cells with GPR68-silenced MSCs to determine whether GPR68 knockdown inhibited CAF activation in cancer microenvironment. The proportion of highly αSMA-expressed MSCs was significantly decreased after GPR68 interference (Fig.  4A) . We co-transplanted MDA-MB-453 cells and MSCs in nude mice for tumour formation. The CAF activation was inhibited after GPR68 knockdown determined by flow cytometry analysis of αSMA (Fig. 4B) . We then sorted out GFP-positive cells by flow cytometry from transplanted tumour for further analyses on phenotypes. GPR68-silenced MSCs expressed less CAF-specific markers and tumour-promoting factors compared with empty vector control (Fig. 4C) . In addition, the secretion of tumour-suppressing factors from MSCs was preserved after GPR68 knockdown. Statistical analysis was performed using log-rank test or one-way ANOVA followed by Student's t test. *P < 0.05 versus control.
GPR68-silenced MSCs as a therapy for cancer
Due to the increased secretion of tumour-suppressing factors, the tumour-promoting effects of MSC co-transplantation was reversed after GPR68 silencing (Fig. 4D) . The inflammatory tumour microenvironment enables circulating MSCs to specifically home to tumour tissues while avoiding peritumoural normal tissues [21] . We therefore assumed that intravenous injection of GPR68-silenced MSCs might be a potential therapy for cancer. We then assessed whether systemic transplantation of GPR68-silenced MSCs could suppress tumour progression. Tumour growth in situ was inhibited after systemic transplantation of GPR68-silenced MSCs (Fig. 4D and Fig. S4 ). In addition, the mice received systemic transplantation of GPR68-silenced MSCs showed prolonged survival time compared with control group (Fig. 4E) .
Discussion
Tumour growth is highly dependent on complicated and dynamic interactions between cancer cells and tumour stroma mediated by direct contact and secreted factors. MSCs as an important stromal component might exhibit extremely differential functions according to different microenvironments. Although naive MSCs supress tumour growth, the MSCs can also be transformed into CAFs by tumour microenvironment and further promotes tumour progression. As a result, highly controversial results have been reported in previous studies that addressed the role of MSCs in tumour development and progression.
The current understanding on the mechanism of CAF activation is limited to soluble factor and mechanotransduction. Here we reveal the third player which is the acidy extracellular pH. Our study demonstrated that acidic microenvironments caused by lactate production of cancer cells promotes the CAF activation of MSCs. The acidification of the extracellular environment promotes CAF activation of MSCs, which further stimulates cancer cell proliferation. Increased proliferation of cancer cells exacerbates the hypoxic and acidy microenvironment which further promotes CAF activation of MSCs. Our finding provides a novel insight into CAF activation and might illustrate many unexplained problem in CAF biology after further investigation.
We then investigated the underlying mechanism of pH-dependent CAF activation. Recent discoveries on proton-sensing GPCRs extended proton-sensing mechanisms from neurons to other types of cells. Unlike proton-sensing ionotropic channels primarily expressed by neurons, proton-sensing GPCRs are expressed by many types of non-neural cells. Multiple previous studies have demonstrated that acidic ECF pose significant influences on a wide range of biological behaviours, including proliferation, adhesion [22] , and secret production [23] [24] [25] through proton-sensing GPCR signalling. We reported decreased extracellular pH promotes proliferation and survival of MSCs through GPR68-YAP axis in previous study [14] . Here we demonstrated that this axis is also responsible for pH-dependent CAF activation of MSCs. Silence of GPR68 in MSCs inhibits CAF activation under tumour microenvironment, which break the viscous circle. Untransformed MSCs secrete more tumour-supressing factors including DKK1 and oncostatin M and finally supress tumour growth.
Previous reports have shown that CAF activation is associated with cancer metastasis [26, 27] . It is conceivable that cancer cell invasion can lead to local hypoxia and acidification which promotes CAF activation of local MSCs. We therefore hypothesize that GPR68-YAP signalling might be also involved in metastasis of cancer cells and currently work on the investigation of this issue.
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